Restricted Maximum Likelihood (REML) with an animal model was used to estimate genetic parameters of body weight, body consumption and litter size of lines of mice selected for 20 generations on an index of lean mass at 10 weeks in males, highly correlated with body weight, and for a further 18 generations on body weight at 10 weeks in males and females. Univariate and multivariate estimates of heritability were about 0.5 and those of common environment correlations were about 0.25 for both body weight and composition. Body weight and fat pad weight had genetic and phenotypic correlations of about 0.5. The heritability estimate of litter size was about 0.15 from univariate analysis, rather lower from multivariate, and the estimate of its genetic correlation with body weight was about 0.25. There were reductions in heritability of both body weight and litter size in later generations, even though full pedigrees were fitted and inferences made to the base population, but a plateau in response to selection for increased body weight could not be explained by a complete attenuation of genetic variance.
Introduction
If a population is selected for a particular trait or index of traits its heritability can be computed from the regression of offspring on parent or, equivalently, regression of response on selection differential for that trait. The equivalent regression coefficient either for another trait not directly under selection or for a component of the index does not, however, give unbiased estimates of heritability of that trait but of the ratio of genetic to phenotypic covariance. Methods such as multivariate maximum likelihood incorporating information on both the trait(s) under selection and the correlated trait are necessary to obtain unbiased estimates (Meyer & Thompson, 1984) . Restricted Maximum Likelihood (REML) with an animal model was therefore used to estimate parameters in the base 4Present address: Rajasthan Agricultural University, College of Veterinary and Animal Science, Bikaner-334 001, India. §Correspondence.
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population for body weight and composition in lines of mice (P lines) selected on predicted lean mass, which was an index of whole body weight and weight of a fat depot. In a previous paper (Beniwal et a!., 1992) a univariate analysis was carried out on the lean mass index for the 20 generations of selection conducted for that trait; here the aim was to investigate relationships among the components of the index.
After 20 generations of selection for predicted lean mass in males, the three high and three low replicates of the P lines were crossed and selection was then continued for a further 18 generations using body weight in both sexes as the sole selection criterion. A total of 38 generations (i.e. 20 + 18) of selection were therefore analysed to assess changes in genetic parameters in the later generations as there were indications that selection responses was attenuated. The REML methods using the animal model enable inferences to be traced back to the base population, assuming the infinitesimal model of very many unlinked additive genes applies, so changes in parameters imply failure of the model (for discussion see Bemwal et al., 1992) .
The litter size for each generation was also recorded, and substantial correlated responses to selection for lean mass occurred. A further aim was to assess the relationships between traits of growth and reproduction. Multivariate maximum likelihood methods allow unbiased estimates of genetic parameters for litter size to be obtained despite the selection, and indeed use the correlated responses to increase the efficiency of the estimate. As only full sib families were available and selection was practised within families, estimates of parameters such as heritability of litter size with acceptable standard errors could be obtained only by using the whole relationship structure. The long-term nature of the experiment also enabled changes in genetic variance for litter size to be estimated.
Materials and methods

Animals
Establishment of the P-lines and results of the first 20 generations of selection for predicted lean mass (LM) where LM=BW-8 )< FW, and BW is body weight (g) of males at 10 weeks and F W the weight (g) of their gonadal fat pads, have been described previously Hastings & Hill, 1989; Beniwal et a!., 1992) . There were three replicates each with high, low and unselected control lines with selection within families on LM with 16 full sib families per line for seven generations, eight families subsequently. Numbers of animals recorded for each trait are given by Beniwal eta!. (1992, At generation 20, the mean inbreeding coefficient was 22 per cent. The three replicates within each selected line were crossed to form new unreplicated lines, designated P6, where P6 high, for example, was formed from intercrosses of all possible two-way crosses of the three high P replicates. No contemporary control was subsequently maintained. Sixteen pair matings were made per generation and selection was practised within families on body weight at 10 weeks (with no correction for fat) in both males and females. Matings were made at 12 weeks of age after selection decisions were taken, whereas up to generation 20 matings were at 8 weeks of age. Generation 21 overall (generation 1 of P6) comprises the two-way crosses, and results are reported here for response up to generation 38. The inbreeding coefficients had by then reached 22 and 25 per cent in the high and low lines, respectively, coincidentally similar to that prior to crossing the replicates at generation 20.
Records on litter size at birth (regarded here as a trait of the dam) were taken every generation. The mated females from generations 0-19 were sampled at random within families, those from 20-37 were selected within families on body weight. From generations 0 to 20, but not subsequently, reserve matings were set up each generation and any selected family with an extremely small litter size (1-4) was replaced by its reserve.
Statisticalmethods
Growth traits. All analyses were with an animal model using the derivative-free REML package of Meyer (1988) . The model for traits of growth (e.g. lean mass and body weight) is described by Beniwal eta!. (1992) . In summary, fitted fixed effects included generations, replicates (when more than one replicate was analysed) and litter size at birth. Line effects were also fitted when previous selection data were not included, for example in analysis of P6 data alone. Random effects were additive genetic (variance VA), litter or common environmental (Va) and residual error (VE), with h2 = VAJVJ,, c2 V/V and V being the phenotypic variance. Different variances were fitted in individual lines or over differing periods of the experiment, using a heterogeneity of variance facility with REML (Visscher & Thompson, 1990; Beniwal et a!., 1992) . Univariate analyses were undertaken of body weight data up to generation 38 and bivariate analyses of body weight and gonadal fat pad weight data up to generation 20. These traits are the components of the index used for selection and are less correlated than, for example, predicted lean mass and body weight.
A full bivariate analysis with three random components requires a nine-dimensional likelihood search which was considered impracticable. Thus the iterative method suggested by Thompson & Hill (1990) was used in which data are transformed to canonical variates to permit near-optimal analyses of uncorrelated traits, the transformation being based on the additive genetic and the sum of litter and environmental components. Parameters for the lean mass index were estimated from the simple linear function of its components and those for a measure of fat proportion, FW/ B W, by statistical differentiation using a Taylor series approximation.
Litter size. The same model was used for the analysis of litter size, regarded as a trait of the dam, as for traits of growth with two exceptions: litter size at birth was not fitted as a covariate and, because within family selection was practised, so that usually only one daughter of a female was subsequently bred, litter of birth (c2) effects were not fitted. A bivariate animal model analysis of litter size and lean mass up to generation 20 was undertaken using the same model for each trait as in their respective univariate analyses. The bivariate analysis incorporated a genetic covariance between the traits but not an environmental covariance, because lean mass and litter size were recorded on different animals, or a common litter covariance, because the c2 termwas included only for lean mass. Bivariate analysis of body weight and litter size after generation 20 was not undertaken as computational demands were prohibitive, particularly because body weights were then taken on females and environmental covariances would have had to be included.
Results
Analyses of body weight and composition to generation 20
Mean body weights are shown in Fig. 1 ; it can be seen that substantial responses occurred, but only until about generation 33 in the high line. Responses for lean mass (to generation 20) are detailed by Beniwal et al. (1992) . A summary of means at generation 20 is given in Table 1 , and other details, including chemical body analysis, by Hastings & Hill (1989) . The responses in lean mass and body weight were similar; gonadal fat pad weight increased somewhat in the high line; and the ratio of gonadal fat pad weight to body weight increased in the low line.
Estimates of parameters are given in Table 2 based on data from all replicates of control lines together, and then from high with control and low with control to check whether selection had much effect. They were obtained using both bivariate REML analyses on each of body and fat weight and univariate REML analyses on body weight, fat pad weight and lean mass (as Beniwal eta!., 1992, but without log transformation of data).
Estimates of h2 and c2 are approximately 0.5 and 0.25, respectively, for all traits. Univariate and multivariate estimates agree well, no difference exceeding 1.5 per cent. The different datasets, which include all records to generation 20 with inferences back to the Analysis of body weight to generation 38
The above analyses were undertaken on untransformed data but, for those continuing to generation 38, log transformation was used because there were substantial differences in variance associated with differences in mean. Up to generation 20, however, h2 arid c2 estimates differed little between the two analyses (Table 2 cf. Table 3 ).
Using data only from generation 21 onwards but with full pedigrees fitted in the animal model back to generation 0, estimates of base population parameters (Table 3) are smaller than estimates using earlier data, for example that for h2 is 0.35 using high and low lines from generations 21-38, compared with 0.49 using earlier data, the latter being in accord with overall estimates. Values of c2 tend to be higher in the high and low lines.
These changes were investigated further by assuming variance in high and low lines were heterogeneous and taking different periods of selection (Table 4) . This analysis shows similar drops in heritability in both lines, but substantial differences in the c2 term. The log-likelihood was 16.9 higher (P<0.01) when variances were fitted for high and low separately than when H + L were fitted together but separately for the first 20 and remaining 18 generations.
Selection responses, obtained using the mean predicted breeding values of all animals in each replicate each generation from the REML analyses with heterogeneous additive variance [see high (0-38) and low (0-38) in Table 4 ] are given in Fig. 2 . These show a similar pattern to the observed responses in Fig. 1 . In Fig. 3 both observed mean divergence between high and low lines (Fig. 1) and that obtained from the REML predicted breeding values (Fig. 2) are compared directly. There is a strikingly good fit except in Table 4 Estimates of variance components and genetic parameters for 10-week body weight. Analysis of high and low lines using log-transformed data and assuming homogeneous or heterogeneous additive genetic and common Generation the last few generations, even though the estimates of heritability using the whole dataset differ from those based on only the first 20 generations. Whilst it is clear that the predictions for the high line alone and for the divergence indicate a tailing off of response, it was a little more drastic than predicted.
Selection differentials for each generation were examined (Fig. 4) . These dropped in early generations in the low line, presumably through a reduction in variance due to a change in mean. There was a steady response occurred in litter size to selection for lean mass over the first 20 generations (Fig. 5 ). There was a large increase in mean, particularly in the high line, after crossing the replicates, followed by continued correlated responses for 10 or so generations and then a subsequent drop in performance of the high line. Univariate estimates of parameters for litter size up to generation 19 are presented in Table 5 . The overall (Table  6 ) for all lines combined to generation 20 gives a lower estimate (0.10) of heritability of litter size than the Data for litter size for the high and low lines up to generation 37 were analysed by univariate REML.
Heritability estimates for the low line are consistently small, those for the high line sensitive to the method of analysis (Table 7) . The lines had significantly heterogeneous variances. Assuming that best estimates in terms of efficiency and lack of bias due to heterogeneity come from analysing the lines together but with heterogeneous VA and .VE, the heritability of litter size has increased from the base value in the high line and reduced to near zero in the low line.
Discussion
The estimates of heritability and common environment correlations for the growth traits in males, namely body weight, fat pad weight and the lean mass and fat proportion indices, were very similar from univariate and multivariate analyses. As selection was on predicted lean mass, it was at first surprising that there was agreement for the other traits. The four traits has very similar heritabilities, however, and the genetic and phenotypic correlations for each pair of traits were nearly equal. This implies that with selection on trait 1, the regression of breeding value on phenotype for correlated trait 2, i.e. h 1h2rJr, is approximately equal to the heritability of trait 2. The genetic and phenotypic regressions of trait 2 on trait 1 are the same and estimates based on indirect selection differentials and The estimate of heritability of 10-week body weight of approximately 0.5 is higher than a previous estimate for that trait (McCarthy & Doolittle, 1977 ) and higher than most heritability estimates for body weight at earlier ages, typically 6 weeks (McCarthy, 1982) . The estimate of 0.43 for the heritability of the ratio of gonadal fat pad to body weight (FP) is the same as obtained by realized heritability for 11 generations for the F lines selected directly for this trait from the same base population and which showed large responses Hastings & Hill, 1989) . Although the estimate from the REML analysis of the genetic correlation between FP and predicted leanness (-0.10) differs in sign from that obtained (0.12) as a realized genetic correlation , both are small and accord with low correlations between lean mass and composition in other studies (Eisen, 1989) . The lean mass index was constructed from phenotypic data and from the simple basis that oneeighth of the body fat was in the gonadal pads, and was intended to change body weight but not the proportion of fat. It is clear from the estimates and the results in Table 1 that this aim succeeded adequately, although partly because fat was somewhat over-corrected the selection criterion was changed to body weight after generation 20.
Generation
Although the correlation pattern for LM and BW is similar for all components, this is not the case for BW and FP, and thus for LM and FP as there is a substantial positive c2 correlation between the traits. Presumably well nourished litters have bigger and fatter mice.
There is a change in the genetic variance and heritability of body weight as a result of selection, just as for lean mass with which it is highly correlated (Beniwal et a!., 1992) , even though inferences are made to the base population. In the model used to analyse P6 data after generation 20, in which records of both males and females are included, it is assumed that there is no sex X genotype interaction. If, indeed, such an interaction is substantial, the estimates of heritability for each sex would be higher. Because selection was practised on both sexes a bivariate analysis would be necessary but involve substantial computation.
Although the genetic variance did appear to fall, the heritability of body weight was estimated at over 0.3 from generation 21 onwards; yet the high line appears to have reached a plateau soon after generation 30.
This suggests that natural selection is opposing artificial selection, there being further evidence that reductions in selection differentials in later generations were accompanied by even greater reductions in response. Relaxed selection lines have been established to investigate this further. Maximum likelihood methods need to be developed to enable examination of populations in plateau and lines drawn from them; for example a multivariate analysis incorporating traits of growth and reproduction could be useful although computationally demanding.
Note also that the litter environment (c2) correlation (confounded with non-additive genetic components) for 10-week body weight changed, becoming higher in the high and low lines, both during the first 20 generations of selection for predicted lean mass at 10 weeks and subsequently with selection for body weight at that age. As there was a correlated increase in litter size in the high lines and mice were larger, presumably variation between dams, in resources such as milk production, would have more effect in the high than control than low lines. The c2 term was large for such a high age, being 0.2 approximately at the start (Beniwal et al., 1992 ) and contributing nearly one-half of the full sib correlation. A contributing factor may have been that litter mates of the same sex were kept together after weaning when further competition may have occurred, particularly if the large mice were more crowded.
The positive correlated responses in litter size in the P and P6 lines were as expected from previous studies of correlated changes to selection for body weight in mice, and genetic changes in early generations were reported by Brien et a!. (1984) . In contrast, responses in the F lines, selected from the same base for fatness, have shown little change in reproductive performance (Brien et al., 1984; Hastings et a!., 1991) , confirming that responses were associated with body weight change. The correlated responses were very small after about generation 25, however. The genetic covariance may have declined to zero, i.e. genes conferring the association became fixed, in accord with very small estimates of genetic variance in the low line. Inbreeding depression effects may have accumulated, with greater influence in the more variable high line. There may have been some consequence of natural selection in the high line, perhaps associated with reduced viability of large mice in large litters; because the proportion of mice born dead rose in the high line after generation 29, averaging 9.5 per cent in generations 30-37 whereas it did not increase in the low line and averaged less than 2.5 per cent.
There was a substantial increase of about 2.7 in litter size following crossing the lines at generation 20. As expected from other studies (e.g. Roberts, 1960) , heterosis is exhibited mainly in the generation when dams are crossbred, not in the previous generation when they are inbred but the young in their litters are crossbred. The value is greater than expected from Roberts' study, for example, but may not simply be due to heterosis as mice were older at mating in the 21st and subsequent generations than previously. There was a larger increase in the high than low line, perhaps through correlated responses to selection of parents and because of increased embryonic competition in the large high line litters, larger effects of inbreeding and heterosis on embryo survival.
The bivariate analysis of litter size and lean mass yielded different parameter estimates from the corresponding univariate analyses. This was not surprising for litter size because the univariate analysis is biased and ignores information derived from its correlation with the trait under selection. The change was not expected for lean mass, on which many more records than for litter size were included in the analysis, and on which selection had been practised. A possible explanation for how the estimates for lean mass could differ is that selection was practised in males and no records were taken on that trait in females, so litter size itself provided information, albeit tenuous, on the lean mass of the females sampled as parents. Litter size at birth was fitted in the bivariate analysis as a covariate for lean mass but not for litter size; this may have biased estimates of parameters for litter size but not lean mass.
The estimate of the genetic correlation between litter size and lean mass of 0.27 is close to a realized estimate of 0.24 using correlated responses alone (calculations not shown); whilst the former could be biased by c2 effects common to litter mates, the latter is not.
This study illustrates the power and versatility of the maximum likelihood methods. 
